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1 Introduction 

The Penrose limit of the AdS5 x background in type IIB supergravity corresponds to a plane 
wave solution [1], 

ds^ = -2dx+dx- - ii^xjidx+f + dxj^, (1.1) 

-^+1234 = -^+5678 — 2//. 

This implies a correspondence between type IIB string theory in the plane wave background 
(1.1) and A/" = 4 supersymmetric Yang-Mills theory with large R-charge. Since the background 
(1.1) is one of the very few Ramond-Ramond backgrounds on which string theory is exactly 
solvable [2, 3], one may have a genuine hope to explicitly check the conjectured AdS/CFT corre- 
spondence beyond the supergravity approximation on the string theory side. Indeed Berenstein, 
Maldacena, and Nastase [4] succeeded in reproducing the string spectrum from perturbative 
super Yang- Mills theory, thereby putting the duality on a firm ground at the free theory level. 
Subsequent developments using the super Yang- Mills theory and the light-cone string field the- 
ory have accumulated strong evidences that the duality is still valid even after the interactions 
both on the super Yang-Mills theory side and on the string theory side are introduced. 

D-branes can be described by boundary states of closed string state. The symmetries that 
the boundary state preserves are generically the combinations of the closed string symmetries 
that leave the boundary state invariant. However, in the plane wave background (1.1), it was 
shown by Skenderis and Taylor in [5, 6] that an open string on a Z)+-brane has a different kind 
of kinematical supersymmetry not descending from the closed string. Furthermore it was shown 
in [7, 8] that oblique D-branes exist in the background (1.1) whose isometry is a subgroup of 
the diagonal 5*0(4) symmetry of the background. Recently possible D-branes in plane wave 
backgrounds have been identified and their supersymmetries have also been classified [5]- [28]. 

The classification of D-branes in plane wave backgrounds is still incomplete. In particular 
possible intersecting D-branes are not completely studied even in the type IIB plane wave 
background (1.1). Dp — Dq branc systems have an important role in string theory since they 
probe the nonperturbative dynamics of the string theory and they have been used to study 
various duahty aspects of the string theory. Furthermore intersecting D-branes have received 
intense interests since it has been known that chiral fermions can appear on the intersection of 
D-branes [29] and so they are promising tools to construct a phenomenological model like the 
Standard Model in string theory context. Some aspects have been reviewed in [30, 31]. Also 
recently there have been many works on intersecting D-branes in other plane wave and AdS 
backgrounds [32]-[39]. 

In this paper we consider all possible £)±-branes intersecting at angles in the plane wave 
background (1.1) and identify their residual supersymmetries. It turns out that in some cases 
intersecting D-branes are similar to the flat spacetime case but in other cases they are quite 
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different from the flat spacetime case. To study the intersecting D-branes in the background 
(1.1), we develop the systematic method using the Green-Schwarz superstring action in hght- 
cone gauge for an open string stretched between a Dp-brane and a Z^g-brane. Our results 
consistently recover those in flat spacetime [30] when the limit /i —>■ 0, namely, the flat space- 
time, is taken. Up to our best knowledge, our methodology for studying intersecting D-branes, 
namely, the worldsheet formalism using Green-Schwarz superstring action, is new even in the 
flat spacetime case. Most relevant works may be [40, 41]. A merit of this formalism is that the 
spacetime supersymmetry of intersecting D-branes is manifest. 

This paper is organized as follows. In Sec. 2, we present a worldsheet formulation using 
the Green-Schwarz superstring action in light-cone gauge for an open string stretched between 
a Dp-brane and a Dq-hrane which are either parallel or intersecting at right angles. We get 
the mode expansion of open strings consistent with open string boundary conditions in the 
Green-Schwarz superstring theory context. We flnd that D^p — D± brane intersections preserve 
no supersymmetry. In Sec. 3, the analysis is generalized to the case of intersecting D-branes at 
general angles [29]. Since the rotational symmetry is reduced to 5*0(4) x 30(4)', there are only 
two kinds of supersymmetric intersection at general angles. One is generated by SU (2) C 5*0(4) 
or 50(4)' and the other is generated by SU{2) x SU{2) C 50(4) x 50(4)'. It turns out that the 
former case further breaks the supersymmetry by half after rotation while the latter does by 
three quarter like in the flat spacetime. In Sec. 4, remaining supersymmetries of intersecting 
D-branes are identifled by flnding conserved worldsheet supercurrents consistent with open 
string boundary conditions [23]. We summarize our results for the unbroken supersymmetries in 
Tables 1-2. In section 5, the explicit worldhseet expressions of conserved supercharges and their 
supersymmetry algebras are presented. In section 6, we briefly review our results and address 
some other issues. In Appendix A, we present calculational details of the supersymmetry 
algebra for a speciflc example, D_3 — D_5 intersection, to illustrate nontrivial aspects of the 
derivation. 



2 p — q Strings in A Plane Wave Background 



The Green-Schwarz hght-cone action in the plane wave background (1.1) describes eight free 
massive bosons and fermions. In the light-cone gauge, — r, the action is given by 

1 p /■27ra'|p+| .1 1 _ ^ -, 

S = J dr da[-d+Xid^Xi - -fi^X] - iS{p^dA - fiU)S 

where d± = d^- ^ d^r- In this paper we will use the notation and the convention in 
equations of motion following from the action (2.1) take the form 

d+d-X^ + ^i^X^ = 0, (2.2) 
9+5^ - Atn5^ = 0, 9_5^ + Atn5^ = 0. (2.3) 



(2.1) 

The 
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l'=(3 in (2-4) 



We use the following form for 'j^ 



7- 

• laa ^ 

where = (7^^)da and take the SO (8) chirahty matrix as 

In what follows, we assume that the spinors 5'"^(r, cr), A = 1,2, are positive chiral fermions, 
'fS^ = S^, of the form 

•^^-l^f j, (2.6) 

where a = 1, ■ ■ ■ , 16 and a = 1, ■ ■ • , 8. 

Consider an open string stretched between Dp-brane and Dg'-brane in the plane wave back- 
ground (1.1). The open string action is just defined by the action (2.1) with string length 
a — 2a'p'^ imposed with appropriate boundary conditions on each end of the open string. For 
longitudinal coordinates X'^ on D-branes, we impose the Neumann boundary condition 

a.Xn^s = 0, (2.7) 

while for transverse coordinates X'^' we have the Dirichlet boundary condition 

a.X'-'|ss = 0. (2.8) 

The fermionic coordinates also have to satisfy the following boundary condition at each end of 
the open string [41] 

{S^ - llo^')U=o = 0, {S^ - n^S^)\a=.o. = 0, (2.9) 

where the matrix Q^q — (Qq) ^tt) is the products of 7-matrices along worldvolume directions 
and, depending on the type of D-branes, £)±-branes, satisfies 

D_ : UfleUfle = -1, D+ : UfleUfle = 1. (2.10) 

The condition (2.10) fairly restricts the possible D-branes and their polarization [10, 12, 13, 
5, 20]. We use the notation (-I-, — ,m, n) [12] to indicate a brane wrapping the light-cone 
coordinates X^, m coordinates that used to be AdS^ coordinates before the Penrose limit, and 
n coordinates that used to be coordinates. Here we list the allowed choices: 

D3:(+,-,m,n) = (+,-,2,0), (+,-,0,2), 

D5 : (+, -, m, n) = (+, -, 3, 1), (+, -, 1, 3), (2.11) 
D7:{+,-,m,n) = (+,-,4,2), (+,-,2,4) 
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for D_-branes and 



Dl 


(+,- 


m, 


n) 


= (+, 


D3 


(+,- 


m, 


n) 


= (+, 


D5 


(+,- 


m, 


n) 


= (+, 


D7 


(+,- 


m, 


n) 


= (+, 


D9 


(+,- 


m, 


n) 


= (+, 



1,1), 



(2.12) 



for D+-branes. 

Now we will analyze the detailed statics of an open string stretched between Dp-brane 
and Dg-brane in the plane wave background (1-1) from which we will determine the residual 
supersymmetries of the D-branc configurations. In this section we will first consider parallel 
D-branes and intersecting D-branes at right angles. More general supersymmetric intersections 
will be discussed in section 3. 



2.1 D_ — D_ Brane Configurations 

We consider an open string intervened between parallel or orthogonally intersecting D-branes. 
The coordinates X^{t, a) of a p — string can be partitioned into four sets, NN, DD, ND, 
and DN, according to whether the coordinate has Neumann (N) or Dirichlet (D) boundary 
condition at each end. We first present the mode expansion of the bosonic coordinates X^{t, a) 
for the four possible boundary conditions^: 

NN : X\t, a) = cosfXTxl + sin/xr^ + i V ^e"'""" cos 

DD : X"^ (r, a) = cosh /la + — 1 , , ' ' smh /la + } —e "^"^ sm — , 

sinh7r/i|Q;| n^o '^^ \'^\ 

. XnCosh/iCT al _ Ka 

ND : X\r, a) = f- + i } —e "^"^ cos — , 

cosh7r/i|a| 1 <^k; |a| 

DN: ;^.'(^^^)^4coshMa-7rH)^ sin^^i^, (2.13) 

cosh7r/x|Q;| IT^ i (^k \<^\ 
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where x{ and X2 denote the transverse positions of Dp-brane and L>g-brane, respectively and 



u}„ = sgn{i')J n'^ + u'^ /a"^, for 1/ = n, (2-14) 



^In the following we will use indices (r, s, ■ ■ •), (r', s' , ■ ■ •), ■ ■ •), and ■ • •) for NN, DD, ND, and DN 

coordinates, respectively. We will also use the subscripts (n, m, • • •) e Z for integer modes of string oscillators 
while (k, a, • • •) e R for general real number modes. 



4 



The commutation relations for the modes in Eq. (2.13) are given by 

[al„a^] = uJn5m+n,o5^''', [aj.,ai] = uj J ^+x,oS^'^. (2.15) 

We are mainly interested in a supersymmetric intersection. In particular, the dynamical 
supersymmetry transformation is given by 

S.X^=-^eWS^ (2.16) 

Hence, we take an appropriate combination of spinor fields ^^{t, a) with integer modes and 
77'^(t, a) with half-integer modes to be compatible with the bosonic case (2.13): 



J+e' (r, a) + I^T]^ (r, a) , for A-typc; 
(r, a) + J+r^i (r, a) , for B-type, 

S'{T,a)^Ue{T,'7) + I^ri'{T,a), (2.17) 



where /+ and /_ are 16 x 16 matrices satisfying 

/+ + /_ = 1, /+/- = 0, ll^I+, /! = /-. (2.18) 

The condition (2.18) simply states that one has to pick up only eight components from the 
two SO{8) chiral spinors {^(r, a) and ?7^(r, a) to give an SO{8) chiral spinor S'^(t, a). For the 
reason explained later, the A-type solution is for \p—q\ = 0, 4, 8 in Dp—Dq brane configurations 
while the B-type solution for |p — ?| = 2,6. We take the spinors ^^{r, a) and 77'^(t, a) as the 
solution of the equation of motion (2.3) satisfying the boundary condition (2.9) at cr = [23]: 

{^(r, cr) = cosi^tSq - sin i^tQoUSo + ^ Cn{(pl{T, a)QoSn + 'ipnvlir, a)IlSn), 
^^(r, cr) = cosi^tQqSo - sin i^rUSo + '^ni^filir, a)Sn - ipn'filir, a)IlQoSn), 

V\r,a)= Y c,{^l{r,a)S,-ip,ipl{T,a)UQoSn), (2.19) 

where the basis functions (pI''^{t, a) are defined by 

(^i(r, a) = e-'("''"-R'^\ ipl{r, a) = e-'^'^'+R"^ (2.20) 

and 

a;, = sgn(i/)^/.2 + zy2/a2, p^ = '±^jdM^ = (2.21) 
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Here v is either integer n or half-integer k. The commutation relations for the modes in (2.19) 
are given by 

{SI Si] = \5r,+m,,5^\ {SI Si] = i^«+A,o5"^ (2.22) 
At (7 — T:\a\, the spinors satisfy the following relations 

^"^(r, a = Ti\a\) = Qo^'^{t, a = 7r|a|), ^^(t, cr = 7r|Q;|) = — r2o?7^(T, a = 7r|Q;|). (2.23) 

The boundary conditions (2.9) for the spinors 5'^(t, cr) in Eq. (2.17) require the following 
property for the projection matrices I±: 

\ I±no, for A- type; 
\^ /qzf^o, for B-type, 

Q^Q^7± = ±7±, at(7 = 7r|Q;|. (2.24) 
Eq. (2.24) can be satisfied only if the matrix fl^fl^^ is symmetric, i.e., 

(Qo^^f = (2-25) 
The matrices /+ and /_ can be solved to give 

/+ = i(i + nln^), /_ = i(i - n^n^). (2.26) 

Note that Qj — —Qe for D3- and £)7-branes, but Qj — for D5-branes and thus 



flo^ny for A-type; 
-HqQ^, for B-type. 



Using Eq. (2.27), we get useful identities: 

UI± = 7±n, nel± = I±^e, I±^o = ±I±^-k, for A-type; (2.28) 
UI± = 7^n, nel± = I^^^e, I±^o = l'I±^n, for B-type. (2.29) 

On can easily see that the spinors in Eq. (2.17) satisfy the equations of motion (2.3) and the 
boundary conditions (2.9). 

Note that ^^^1-,^ consists of products of 7-matrices along the ND and DN directions. Since 
(JIq f^Tr)^ = 1 and Tr (JIq I^tt) = for 7^ ±1, there can be only three kinds of possibility: 



±1, (Iatd = 0, 

±7, liiVD = 8, ^2.30) 

± I Q j ' ^ND = 4, 
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where 




(2.31) 



and jjATD denotes the total number of ND and DN directions. 

The case Q^^Q^^ = 1 corresponds to parallel Dp-branes while the case QqQj^ = — 1 cor- 
responds to Dp-anti-Dp branes, but the cases QqQt^ = ±7 and O^Ott = ±S correspond to 
Dp — Dq or Dp-anti-Dq branes with tlwD = 8 and Hatd = 4, respectively. Note that the B-type 
branes allow only the = 4 case as seen from the list in (2.11). We will show in section 4 
by deriving conserved worldsheet supercurrents that the brane configurations in (2.30) preserve 
the same amount of supersymmetries as in flat spacetime as long as two branes are at origin. 



2.2 — D+ Brane Configurations 

We first analyze the mode expansions of bosons. D+ — D+ brane configurations where both 
branes have no worldvolume fiuxes have the same mode expansion as the D_ — case. We 
now consider the cases in which at least one of two D+-branes is a D5-brane with a worldvolume 
fiux. In this case the DS-branes of type (+, — , 4, 0) or (+, — , 0, 4) with a Born-Infeld fiux satisfy 
the modified Neumann boundary condition [20, 23]: 

(a^X'^-/iX')|aE = 0, Vre N. (2.32) 

First we consider the brane configuration consisting of a Dp-branc with no worldvolume flux 
at (T = and a D5-brane with a worldvolume flux at a = 7r|a;|. In this brane conflguration the 
bosonic coordinates with NN, DD, ND, and DN boundary conditions have the following mode 
expansions, respectively: 

NN : XUt, a)^iy ^e~'^-^ cos 

, „/ , - Xi' COsh7r/i|Q;| . , «n -iuj r ■ 

DD : X"" (r, a) = xl cosh /j^a + — \ , , ' ' smh iJ,a + } —e "^"^ sm — , 

smh7r/i|Q;| ri^o'^n \'^\ 

ND: XXr,a) = ^i^^ + ^ ^ cosf^, 
cosh7r/x|Q;| 1 <^k; \ot\ 

i' ^ 

DN : X'' (r, a) = x^ie"" + — e"^'"^^ sin ^ (2.33) 

A '^A |a| 

where k and A in NN and DN coordinates are generically irrational numbers determined by the 
equations 

e^- = e^-^ = (2.34) 

K-\-in\a\ \-\-iii\a\ 

respectively. The frequencies Ui^^x in the NN and DN coordinates are defined as in Eq. (2.21) 

with K and A satisfying the equations (2.34). It is obvious that there are infinitely many 
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solutions in Eq. (2.34) for k, and A. Also, if k, (A) is a solution to the first (second) equation, 
then — K, (—A) is also a solution. The reality condition for NN and DN coordinates is thus 
satisfied only if (a^)^ = a''_i^ and {axY = ol^'-\- Note that even NN coordinates do not have 
zero modes since k = is not a solution of the first equation in Eq. (2.34). This is due to 
different behaviors of zero modes on D+-branes because the behavior on D+-brane without flux 
has an oscillatory behavior around some fixed position while that on brane with fiux tends 
to move with constant velocity [23]. DN coordinates do not contain any zero modes either since 
a zero mode solution with A = in the DN directions is identically zero although it is a trivial 
solution of Eq. (2.34). The commutation relations for the modes in Eq. (2.33) are identical to 
the case (2.13). 

Next we consider the configurations of (+, — , 4, 0) and (+, — , 0, 4) branes with worldvolume 
fiuxes altogether [23]. In order to find the mode expansion in this case, it is convenient to 
introduce new coordinates = e''^X^. The new coordinates X^(t, cr) then satisfy the 
modified equation of motion 

{dl -dl- 2ixd,)X' = (2.35) 

and the usual boundary conditions 

5.^1aE-0, drX''\aj:^0. (2.36) 

The mode expansions of the bosonic coordinates X^(r, cr) and thus X^(r, cr) are solved con- 
veniently by a method called separation of variables for NN, DD, ND, and DN boundary 
conditions: 



DD : X"^ (t, a) = x\ cosh iia + — \ , , ' ' smh Ato" + V — e "^""^ sm — , 

sinh7r//|Q;| Un \a\ 

ND : X\t, a) = ^e^^'^^-'-D + E "fel^, <j) - e'™¥^^(r, a)), 

DN: X'{T,a)=xU''^ + ^^^{<p\{T,a)-<pl{r,a)), (2.37) 
where the mode numbers k and A are determined by the equations 

K — i[i\a\ \ + i[i\a\ 

respectively. The basis functions </7;^'^(t, a) are defined as in Eq. (2.20) with k and A satisfying 
the equations (2.38). 
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The mode expansion of the spinor field can be determined by following exactly the same 
procedure as in the previous subsection. We take a combination of spinor fields ^^(r, cr) with 
integer modes and spinor fields ?7^(r, cr) with R-modes: 



S\T,a) 



I+e(T, a) + I^r]\T, a), for A-type; 
7_e'(T, (j) + W{r, a), for B-type, 

S^{t, a) = I+e{r, a) + I.ri'{T, a), (2.39) 



where 





= cosh jiaSo + sinh jjiaVLQliSo + ^ Cn(v5^(T, 


a)noSn + ipn^^nl 


;T,(T)n5n), 




= cosh iiaVL^So + sinh jjialiSo + ^ Cn{'^1^{T, 




(T)n(]o<S'n), 




K 






rf{T, cr) 









_ (2.40) 

K 

Similarly, we call A-type branes for |p — = 0,4,8 in Dp — Dq brane configurations while 
B-type branes for |p — q*! = 2,6. The projection matrices I± are equally given by Eq. (2.26) 
and thus satisfy the identities, Eqs. (2.28) and (2.29). Therefore only three kinds of possibility 
in (2.30) are allowed. 

In Eq. (2.40), we introduced and p,^ defined as in Eq. (2.21) with u replaced by k, being 
a solution of either the first or the second equation in Eq. (2.38) and 

-^n = — - ipUQo)Sn, S,= —(^- ipUno)S,. (2.41) 

One can see that a zero mode solution in 77"^ (r, cr) with k = is identically cancelled as expected. 

In order to see that Eq. (2.39) satisfies the boundary condition (2.9), it is more convenient 
to decompose the spinors into eigenspinors of IIQo by defining 

5± = i(l±n0o)^«- (2.42) 
The spinors then have the following property 

BQo^^ = ^S^. = ±Qo5^ (2.43) 

Using this property, r\^{T^ a) in Eq. (2.40) can be rewritten as 
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-rY.c.{^^^^vl{T,cj)-ip^vl{T,a))Q,S-, (2.44) 
+ E ^) + ^^(^ + ^/^)^^(^' ^))'^« ■ (2-45) 



Using the identities, 



± zp. = 1 T A T ^/^), (2-46) 



one can easily see that Eq. (2.39) satisfies the boundary conditions (2.9) if the mode number 
K of satisfies the first equation in (2.38) while the mode number k of S~ does the second 
equation. The commutation relations between the modes read as 



{S^.SD = ((5«bcosh7rAt|Q| - (Oon)'^^sinh7r//|a|), 

4smh7r//|o;| ^ ^ 

1 



{5;:, SI) = -5„+^,o5'^^ (n, m 7^ 0), (2.47) 
{St\ St'] = ^5.+A,oP±^ where ^± = ^(1 ± n^o). 



2.3 Dip — D± Brane Configurations 

The mode expansion of bosonic coordinates X^{t, a) in D^ — D± brane configurations without a 
worldvolume flux is exactly the same as the previous D_ —D_ case, which is given by Eq. (2.13). 
And, for — D± brane configurations where D_|_-brane is a D5-brane with the worldvolume 
flux, the mode expansion of bosonic coordinates is exactly the same as Eq. (2.33). 

From the previous analysis, we have seen that it is crucial that QqQ^ is a symmetric matrix 
for the spinors S^{T,a) to satisfy the boundary conditions (2.9). If VIq^Itt were an antisym- 
metric matrix and thus {QqQt^)"^ = —1, it would have all eigenvalues ±i and so the boundary 
conditions (2.9) could not simultaneously be satisfied. Furthermore the matrices I± would have 
complex eigenvalues, so they could no longer be projection matrices. This leads to an intrigu- 
ing consequence: (+, — , 4, 0)- and (-I-, — , 0, 4)-branes have no supersymmetric intersections with 
D_-branes since in this case is always an antisymmetric matrix and thus they cannot 

satisfy the boundary conditions (2.9) and D+l-brane cannot have a supersymmetric intersec- 
tion with D_3- and D_7-branes. We will consider only the cases satisfying (f^Q f2^)^ = f^Q JItt-^ 
Since the symmetric condition for the matrix excludes D5-branes with flux, the bosonic 

mode expansion for the — D± case becomes exactly equal to the — D_ case. 

^This is the same reason that we excluded nonsupersymmetric brane configurations with jjjvD = 2,6. Note 
that the boundary state formalism also meets a similar situation since the guiding principle in the construction 
of boundary states is the preservation of various supersymmetries [40] . 
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There are the following identities for A,B-type D-branes: 

UI± = 7^n, nel± = I±^e, I±^o = ±I±^n, for A-type; (2.48) 
n/± = 7±n, Q0l± = I^Qe, I±Qo - Tl±^n, for B-type. (2.49) 

Note that a new feature arises in this case. Unlike as the D^ — D± cases, the matrices I± change 
in different way passing the matrices 11 and Qg as seen in Eqs. (2.48) and (2.49). Thus, any 
solution of the equations of motion (2.3) for spinors cannot be simultaneously compatible with 
the boundary condition (2.9). This immediately implies that the D^: — D± brane intersections 
preserve no supersymmetry.^ 

Let us briefly explain why it should be. First take a spinor of the following form as usual: 

\ /_5'(t,<t) + /+,1(t,<t), for B-type, 

where the spinors ^^(r, a) and ?7^(r, a) are supposed to satisfy the equations of motion (2.3) and 
the boundary condition (2.9) at cr = 0. In order for the spinor S^{t, a) to satisfy the equation 
of motion, d+S^ — fills'^ — 0, the spinor 5'^(t, a) is necessarily of the form 

S'{t, a) = I.eir, a) + W(t, a). (2.51) 

However, the spinors S'^(t, a) in Eqs. (2.50)-(2.51) do not satisfy the boundary condition at 
(7 = 0: 



noS\T,a = 0) 



I_e{r, (7 = 0)+ I+ri\r, a = 0), for A-type; 
I^e(r, (7 = 0)+ I^r)\r, a = 0), for B-type, 

S\T,a = 0). (2.52) 



It is easily shown that the solution in Eqs. (2.50)-(2.51) cannot be compatible with super- 
symmetries. As we mentioned at the beginning of this subsection, NN and DD coordinates 
in the — D± brane intersection have integer modes while ND and DN coordinates have 
half-integer modes. Thus, if the dynamical supersymmetry were strictly preserved, the super- 
symmetry transformation, for example, for an NN coordinate X*" and an ND coordinate 
would be of the form 

5eX' = -^e^Y^^, SeX' = ^i=e^y?7^, (2.53) 

because the spinors and r]"^ are supposed to be described by integer modes and half-integer 
modes, respectively. In order to satisfy the supersymmetric transformation (2.53), the spinor 
S'^{t, a) should be of the form 

S\r,a)^I^e{r,a) + I^rj\r,a). (2.54) 



^We thank a referee of Physical Review D for drawing our attention to clariiy this problem. 
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To see this, first note that the constant spinors in the supersymmetry transformation (2.53) 
satisfy 

= ^]oe^ = ^^e^ (2.55) 

and thus do 

^1^1 ^o^7re^ for A-type; 
] — Q^Q^e^, for B-type, 

= nlVt^e^. (2.56) 

Then it is easy to show, using Eqs. (2.56), (4.11), and (4.12), that the supersymmetry transfor- 
mation (2.16) reduces to Eq. (2.53). Indeed this explains why the mode expansion for super- 
symmetric intersecting D-branes necessarily takes the form such as Eqs. (2.17) and (2.39). The 
solution (2.51) therefore is contradictory to the dynamical supersymmetry. The similar thing 
happens for the kinematical supersymmetry since the preserved kinematical supersymmetry 
has to satisfy both the equation of motion and the boundary condition. Thus all — D± 
brane intersections preserve no supersymmetry. 



3 D-branes at Angles 

In the previous section we considered only either parallel D-branes or intersecting D-branes at 
right angles. In this section we will consider D-branes intersecting at general angles [29]. 

In flat spacetime, it was shown in [29] (see also [42]) that the condition for D-branes in- 
tersecting at angles to preserve supersymmetry is that the two branes should be related by an 
SU{N) subgroup in a space rotation group SO{d). The type IIB plane wave background (1.1) 
has the space rotation group 5*0(4) x 30(4)'. Under any rotation R, the brane characterized 
by Q is mapped to a brane described hj Q = R^QR. Indeed, one can consider two kinds of ro- 
tation in the plane wave background as recently emphasized in [8]. One is that R is an element 
in SO (A) X 30(4:)'. The other is that R is an element in 30{8) that is not in 50(4) x 50(4)'. 
We call the latter an obhque rotation. Since 50(4) x 50(4)' rotation commutes with 11, and 
hence, 

^ ^ f -1, for Q eD- , , 

unun = I ' ' 3.1 

[ +1, for neD+, 

the image of any supersymmetric brane under a rotation Re 50(4) x50(4)' therefore describes 
another supersymmetric D-brane of the same kind. On the other hand it can be shown [8] that 
an oblique rotation R has to satisfy 

R^ = 1. (3.2) 
We will not discuss the oblique D-branes in detail in this paper. 
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We are interested in D-branes intersecting at general angle, but preserving some fraction 
of supersymmetry. We will consider only intersecting D-branes generated by a subgroup of 
5*0 (4) X 5*0(4)' rotation. As shown in [29], the condition that two branes intersecting at angles 
preserve a common supersymmetry is that they should be related by an SU{N) rotation in 
the SO{A) X S0{4y group. Since SO{A) x SO{Ay = {SU{2)l x 5^7(2)^)2, the SU{N) factors 
in 5*0(4) X 50(4)' group are only SU{2)l and SU{2)r, which are self-dual and anti-self-dual 
rotations in 50(4)'s, respectively. Since rotations that preserve the worldvolume of a brane do 
not change the resulting orientation of the brane, we restrict our attention to those rotating a 
plane which lies in the Neumann and Dirichlet directions of a brane. 

One can see from the hst in Eqs. (2.11) and (2.12) that the supersymmetric rotation 
is possible only for D3- and D7-branes among the D_-branes and (-I-, — , 2, 2)-brane in D+- 
branes since for other branes a nontrivial rotation is U{1) rotation, so completely breaks the 
supersymmetry. We first consider a D3-brane at first oriented along the X^'^-axes, for example, 
and then rotated by the angle 0i in the X^X'^ plane and 02 in the X'^X^ plane. (A rotated 
D7-brane can also be treated similarly.) We define the complex coordinates = X^ + iX^ 
and = X^ + iX^. There can be two kinds of boundary conditions on stretched open strings. 
The first one is of the NN-DD type given by 

Red^Z%=o^0^lTociZ%=o, 

Ree*a,Z^|,=.|a| = = lme"^^Z%=^ia\: (3.3) 
where i = 1, 2 and the mode expansion of complex bosonic coordinates is 




where = rii — 5j and Aj = + 6i with < Si = (pi/n < The second one is of the DN-ND 
type given by 

lmd^Z%=o^O^ReZ%=o, 

Ree"t''d,Z\=,\^\ = = lu,e">''ZX=,\^\ (3.5) 

and the mode expansion is 




where ki — ni-\-\ — 5i and \i — ni — \-\-5i. The basis functions 'f]^f^x^{T, a) and the frequencies 
u^KiX are defined as in Eqs. (2.20) and (2.21) with Hi and Aj. The oscillators have the reality 
conditions a\ = a'J and a\ = a^. and the commutation relation is 

[<, <] = l^.Ai,m,S'', = ^UJxAum/'- (3.7) 
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First we consider intersecting ~D'_ branes at angles, especially D^p — D3' as a represen- 
tative example, where a rotated brane is indicated with the prime. The boundary conditions 
for spinor fields S^{t, a) are now given by 

{s' - noS')l=o = 0, {s' - n^s')\,=^^ = o, (3.8) 

where 

= n^R^, = (3.9) 

and 

When [R, Qq] = 0, e.g. (+, — , 4, 2)-brane, the boundary condition (3.8) can be rewritten as the 
ordinary boundary condition (2.9) with respect to the rotated spinors S'^ = RS^. Since the 
action (2.1) is invariant under 5'0(4) x 5'0(4)' rotations, the resulting supersymmetry is never 
changed. Thus we will not consider such cases either. 

One may take explicit eigenvalues of the rotation R in (3.10) as follows: 

R = e'^ti'i't'i (3.11) 

where Sj = ±| are eigenvalues of ^7^^ and |7^^ acting on spinor fields. Since the second 
boundary condition can be rewritten as the form (S^ — fio(^o ^7r)-R^'S'^)|o-=7rQ; — 0, one can see 
that the boundary condition becomes identical to the original boundary condition before the 
rotation if i?^ = 1, namely, (pi — (f)2, self-dual rotation, and (pi — —02, anti-self-dual rotation. 

However the latter condition essentially reduces the number of spinors compatible with the 
boundary condition by half compared to the original brane configuration before rotation. Thus 
we expect that, when R^ = 1, the supersymmetry is also further reduced by half, otherwise, 
the supersymmetry is completely broken. We will prove this claim in section 4. 

The spinors S'^(r, o") have the same form as Eq. (2.17) where the projection matrices I± 
are still given by Eq. (2.26), but the mode numbers are quite different from Eq. (2.19) due to 
the second boundary condition in Eq. (3.8): 

K 
K 

X 

v\r,a)^^cx{vlir,a)Sx-ipxv\{r,a)UnoSx), (3.12) 

A 

where ^^(r, a) are possible zero modes to be determined later. The first boundary condition in 
Eq. (3.8) is automatically satisfied due to the properties in Eqs. (2.28) and (2.29). Let us now 
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briefly explain what condition arises and how to determine the mode numbers k and A from 
the second boundary condition in Eq. (3.8). A nontrivial requirement is that /±] = or 
equivalently, Rflo = QqR^, which means that 

{7'^Qo} = {7'^^^o} = 0, (3.13) 

since we already excluded the case [R, Qq] = for the reason explained above. This requires 
that the brane charaterized by Qq has to span — plane or — plane. Then the 
second boundary condition in Eq. (3.8) reduces to the following equations which determine the 
mode numbers k, and A: 

e'^^'^^A - tpxIlQoSx = -R\Sx - te^^'^pxUQoSx). (3.14) 
The equations (3.14) can be easily solved and the result is given by 

K^n + Va, A = n-^ + i/a, n e Z, (3.15) 

where z/^ = Yh=i ^i^i- course, the phases z/^ (a = 1, ■ ■ ■ , 8) depend on the eigenvalues Sj of 
the spinors and S\ for given angles 0j, but the details are not important in our context. 

For the case 0i = 02 and 0i = —02, zero modes with k = exist for (2si, 2s2) = (±1, =Fl) 
and (±1, ±1), respectively and they are of the same form as the zero modes in (2.19), but with 
Sq satisfying R^Sq — Sq, i.e., Ua — 0. Thus the final number of zero modes is further reduced 
by half after rotation. For example, in the cases of D3-brane with = ^tt and D7-hrane 
with Qo — ^245678^ there are four zero modes while, in the cases of DS-hrane with — ±7^^, 
5- brane with — ±7^^^^, and D7-brane with Qq — ±^135678^ there exist two zero modes. 

Now we consider D^p — (+,—,2,2) brane intersections. We assume (+, — , 2, 2)-brane is 
oriented along the X^'^-axes and X^'^-axes. In this case there are two possibilities rotating the 
(+, — , 2, 2)-brane while preserving supersymmetry. One is an SU{2) rotation as in Eq. (3.10). 
The other is an SU{2) x SU{2) rotation described by 

R = R,R^ = e^(7^''^l+7^V2)gi(7^«03+7^V4) (316) 

whose eigenvalues are 

R^e'^ti'i'l'K (3.17) 

Since the single SU (2) rotation is almost the same as the previous SU (2) case, we will analyze 
the double SU{2) case only. The mode expansion of complex bosonic coordinates (i — 
1, • • • , 4) where ^ + iX^ and = X^ + iX^ has the same form as Eqs. (3.4) and (3.6) 
with the angles < 5i — 0j/7r < |. 
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Since i? is a trivial rotation in the case [R, flo] = 0, we restrict attention to the case satisfying 
the following condition 



{7^^ no} = {Y\ no} = {7'^ ^^o} = {7'', ^^o} = 0. (3.18) 

Only the = (+, — , 2, 2)-branc belongs to the nontrivial case of Eq. (3.18). Note that 

(+, — , 1, 1)- and (+, — , 3, 3)-branes are excluded even in the single SU{2) rotation since a non- 
trivial rotation which is U{1) or U{1) x U{1) completely breaks the supersymmetry. The mode 
expansion is given by Eq. (2.39) with 







K 


e{r, 




K 






= E CA(95i(T, cT)noSx + ipx^lir, a)USx), 

A 






= E CA(</?^(r, a)Sx - ipx^plir, a)UnoSx), 

X 



(3.19) 



where the mode numbers k and A are now determined by the following equations 



e^^"' = ±^ H foj. ^± (3 20) 



x_ 

1 =F ie^'^'^^°-px ijJx 



- - ".l-!" ■ for ^A^ (3-21) 



with Va — Si=i Si5i. We decomposed the spinors and Sx as in Eq. (2.42): 

,5± = ^(i±nOo)^K, 5^ = ^(i±nOo)^A. (3.22) 

If = 0, one can see that there can be zero modes since k = is a solution of Eq. (3.20). 
They are of the same form as the zero modes in Eq. (2.39), but with 5*0 satisfying R^So = Sq. 
Thus the final number of zero modes is further reduced by quarter after the SU (2) x SU (2) 
rotation, which is the same situation as the flat spacetime [29, 30]. For example, in the cases 
with jiiVD = 0, 8, namely, fto — JItt and JIq = ^^ttT, there are two zero modes while, in the case 
with tiATD = 4, there exist only one zero mode. 



4 Supersymmetry of Intersecting D-branes 

In a hght-cone gauge, the 32 components of the supersymmetries for closed strings decompose 
into kinematical supercharges, Qa"^, and dynamical supercharges, Q'^^- For superstrings in 
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the plane wave background with the action (2.1), the conserved super-Nother charges were 
identified by Metsaev [2]: 

g+i = ^ ; / da{cosixTS^ - sin fxrUS^), (4.1) 



2na'p+ Jo 



Q+2^^iP da( COS ixtS^ + sin fxrUS^), (4.2) 

zTra'p^ Jo 

"J^^" = 2^ Jo da{^-^'^'^' - f^X'l'^S') > (4-3) 

, 1 /■27ra'|p+| , . 

= 2^ Jo H^^^'^'^' + Z^^'/n^^) . (4.4) 

The super-Nother charges of an open string are given by a subset of the symmetries of the 
closed string action which are compatible with the open string boundary conditions. Due to 
the boundary condition (2.9), it turns out that the conserved dynamical supercharge is given 
by the combination 

1 

q = / daq^ 

7r\a\ Jo 

= I^{Q-'-QjQ-'). (4.5) 

It was shown that all half BPS D-branes in the type IIB plane wave background have to satisfy 

X'-'\9E = 0, Vr' (4.6) 

for the Dirichlet coordinates of £)_-branes [5], and 

{d.X^n^S' - fiX'^IlS') las = 0, V r (4.7) 

for the Neumann coordinates of D+-branes [23]. 

Although D_-branes located at a constant transverse position Xq ^ superficially appear to 
break all dynamical supersymmetries, the broken dynamical supersymmetries can be restored 
by incorporating a worldsheet symmetry [5]. The superstring action (2.1) is invariant under an 
arbitrary shift of the field by a parameter that satisfies the same field equation and open string 
boundary condition as the original field. Using this fact, one can find modified transformation 
rules by using the worldsheet symmetry, which now lead to a conserved charge. On the other 
hand, one cannot use the worldsheet symmetry to restore some apparently broken dynamical 
supersymmetry for D+-branes since the symmetry breaking terms involve Neumann coordinates 
as shown in Eq. (4.7). Only special classes of Z^+-branes allow the condition (4.7). These 
are Z^l-branes in which, by definition, X*" = for all r and D5-branes of type (+,—,4,0) 
or (+,—,0,4), thus Vl^S^ = 115'^, with a Born-Infeld flux satisfying the modifled Neumann 
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boundary condition (2.32). Another Z}+-branes cannot satisfy the condition (4.7) and thus the 
dynamical supersymmetry is not conserved. 

Keeping these facts in mind, one may deduce some conditions for supersymmetric inter- 
section of D-branes. The dynamical supersymmetry of intersecting L)_ — D_ branes can be 
preserved only when they have coincident transverse positions, since the worldsheet shift sym- 
metry must be simultaneously applied to both branes. Even parallel but separated D_-branes of 
the same type preserve no dynamical supersymmetry. However, the dynamical supersymmetry 
of intersecting £)+-branes does not depend on their transverse locations. 

We now give a rigorous worldsheet derivation on conserved supercharges for each case of 
intersecting D-branes. The conserved kinematical supersymmetry depends on the type of D- 
branes as shown in [5, 23]. Let us first consider D_ — D_ brane configurations. The conserved 
kinematical supercharge is given by the form 



1 f^H , 
-r—r / daqj 
7r\a\ Jo 

.{Q+^ + neQ+^), forA-type, 



(4.8) 

(Q+i + (^,Q+2), forB-type. 

Using the equations of motion, Eqs. (2.2) and (2.3), it is easy to show that the kinematical 
supercharge density g+ in Eq. (4.8) satisfies the following conservation law 

with 

g+ = ^(e'^^^«n/±(5i - QeS^)), (4.10) 

where we used the fact that Ij- commute with Qgll. Then one can see that g+ is conserved 
by observing that gj" vanishes at boundaries for A-type branes with and for B-type branes 
with Now one can easily count the remaining kinematical supersymmctries for each case 
in (2.30) and the components of conserved supersymmctries can be easily identified using the 
projection matrices I±. For = and fto — flnj, 1+ becomes identity and we have 8 
kinematical supersymmetries. For — and fto — —fl-jrl, 1+ becomes identically zero 
and so no kinematical supersymmetry is preserved. In the case of Qq — i^Tr^, we have 4 
kinematical supersymmetries since /+ = |(/8 ± S). The conserved kinematical supersymmetry 
of intersecting £)_-branes is independent of their transverse locations. 

It is useful to recall the (anti-)commutation relations between Y — {Y, Y\ 7\ 7*'}; and 
Qtt to find conserved dynamical supersymmetries: 

{7^ no} = W, no} = f)o] = [f ', no] = 0, (4.11) 

{7^ J = {/, Q J = [Y', fi.] = [y, n^] = 0. (4.12) 
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Using the similar recipe used in the above kinematical supersymmetry, it is not difficult to show 
that the dynamical supercharge density q~ in Eq. (4.5) also satisfies the conservation law 

^"'"+^ = 0, (4.13) 



dr da 



where 



-{drX^'Y'^J - i^X'''Y'Tl)I+,-iS' + ^eS^) + d^X'-'Y'nJl+AS' - ^eS^) (4.14) 

+e'%drX'Y^^ + e'V^'7'n)/-,+ (5' - e'^^rieS^) - e'^d^X'Y^'^ I_,+ {S^ + e^'^CleS^) 
-e'\drX''Y'nJ - e'V^''/n)/-,+ (^' + e^'neS^) + e'''d^X''Y'nJl_^+{S^ - e'^'ngS^)) 

with the first subscript in or for A-type branes while with the second one for B-type 
branes. Here we presented the general expression for D,q — (Qq; ^tt) for later use. Since one 
can modify the transformation rules in a way to recover the dynamical supersymmetry for D_- 
branes located off origin, as discussed before, here we assume without loss of generality that 
the two branes are placed at origin, viz., 

X^'lai: = ^i.=.a = ^''U=o = 0. (4.15) 

Using the crucial identities (2.28) and (2.29) as well as the open string boundary conditions, 
(2.7)-(2.9), and (4.15), it is easy to see that 

g;|9s = 0. (4.16) 

Now it is simple to identify the conserved dynamical supersymmetry for each case in Eq. 
(2.30). Obviously the — case preserves 8 dynamical supersymmetries whereas the — 
— case does not preserve any dynamical supersymmetry as expected. This should be the case 
since the former corresponds to a coincident Dp-Dp brane configuration while the latter does to 
a Dp-anti-Dp brane configuration. Similarly, when — ~^Trl, 8 dynamical supersymmetries 
are presereved while the dynamical supersymmetries are completely broken in the case of Oq — 
QttT- Finally, the cases of — ±S preserve 4 dynamical supersymmetries. The results are 

summarized in Table 1. 

We next consider D^ — L>+ brane configurations. The kinematical supercharge density 



satisfies the conservation law [23] 



7r(x\a 



'\ sinh7r//|Q;| 
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with 



7^ = 



\ sinn7ryu|a| 



The corresponding kinematical supersymmetry can be easily seen to be conserved with J+ for 
A-type branes and /_ for B-type branes, using Eqs. (2.28) and (2.29). One can see that the 
cases Qq = ^tt and VLq = fl^j-j preserve the 8 kinematical supersymmetries irrespective of their 
transverse locations while 4 supersymmetries for the cases ilo = ^il^^E. The other cases totally 
break the kinematical supersymmetry. This is the same as those in £)_ — D_. 

To find the conserved dynamical supersymmetry one can apply the same procedure as in the 
£)_-brane case. As already mentioned, only Dl-hranes and DB-hranes with flux can preserve 
the dynamical supersymmtry. Hence it is sufficient to consider A-type branes only. After some 
calculation, one gets the result: 

f + f^O, (4.0, 

where 



+{d^X'-'Y'nJ + fjiX'-'Y'njl+iS^ - QeS^) - d^X^'Y'^Jl+iS^ + ^eS^) (4.21) 
-e'^id^X'Y^J - e^V^'yn)/_(-S^ + e^^Qg-S^) + e'^drX'Y^Jl_{S^ - e'^^gS^) 

+e'%daX''Y'^J + e^V^''7''n)/-(5^ - e^'VleS^) - e^'drX'' Y' I-{S^ + e'^VlgS^' 



In the case of = ^-k, that is, parallel Dl-Dl and D5-D5 branes, one can see that q~\dE — 0, 
so 8 dynamical supersymmetries are preserved. In the case of — iS, however, q~ at the 

boundary reduces to 



q;\9i: = ^J^{daX^'Y'^o+f^X''f'^)I-{S'-^oS') (4.22) 



for fig — Qq, while, for fig = fl^^, 



q;U = y ^(^-^V^^^ + I^XYm-iS' - n^S'). (4.23) 

Therefore one can find the following results for the dynamical supersymmetries of D1-D5 
branes: 

q- ^ I+(Q-^ -fl^Q-^), iorD5-Dl, 

q~ ^I+{Q-^ -fllQ-^), form-L>5, (4.24) 
where only 4 dynamical supersymmtries are conserved for the two cases since /+ = |(1 ± 5). 
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When Qq = —Qnl corresponding to (+, — , 4, 0) — (+, — , 0, 4) brane configurations, only the 
last two lines in Eq. (4.21) are relevant and we meet an intriguing situation. Some parts in 
Eq. (4.21) (explicitly, (4.22) for fig = flo and (4.23) for Qg = f2^) no longer vanish at the 
boundary 9E. The dynamical supersymmetry of (+, — , 4, 0) — (+, — , 0, 4) brane intersections 
is thus completely broken. This is certainly caused by worldvolume fluxes in D5-branes. The 
results are summarized in Table 2. 

In section 3 we analyzed D-branes intersecting at general angles. The supersymmetric 
intersecting D-branes at general angles are possible only for specific branes such as D3- and 
£)7-branes among £)_-branes and (+, — , 2, 2)-branes among £)+-branes. It turned out that 
under SU (2) rotations the half of spinors have the same mode expansion as before the rotation 
while under SU{2) x SU{2) rotations the quarter of spinors have the same mode expansion. 
Thus we naturally expect that the conserved supersymmetry is further reduced by half in the 
case of single SU{2) rotation and by quarter in the case of double SU{2) rotation [29, 30, 31]. 
This should be the case since the analysis about conserved supersymmetrics for intersecting 
D-branes at general angles is identical to parallel D-branes or D-branes intersecting at right 
angles except that the boundary condition at a = 7r|Q;| is instead given by the second equation 
in (3.8) and thus a further constraint {R^S"^ — 5'^)o-=7r|o| = is needed to satisfy the boundary 
condition at a = 7r|Q;|. This additional condition reduces the number of spinors satisfying 
itldi: = by half in the case of single SU{2) rotation while by quarter in the case of double 
SU{2) rotation as mentioned above. This is the same situation encountered in fiat spacetime. 
We summarized our results for the remaining supersymmetries of all possible supersymmetric 
intersecting D-branes in Tables 1-2. 

In the plane wave background (1.1), D_9-brane is not supersymmetric and £)+9-brane is 
at most a quarter BPS. Thus it is not trivial to say about type I superstring theory in the 
plane wave background since it is not obvious how to introduce D9-branes carrying SO{32) 
Chan-Paton factors. Furthermore T-dualty transformation in the plane wave background is 
quite different from flat spacetime case since there is a RR 4-form and the geometry is curved. 
(It should be interesting to clarify these open problems in the type IIB plane wave background.) 
Nevertheless, we would like to use the flat spacetime analogue to plainly explain our results 
in Tables 1-2. The type I string theory contains 16 L'9-branes carrying SO{32) Chan-Paton 
factors, and Dl-brane (Q^f^Tr = 7) and anti-Dl-brane (fi^fi^ = —7) are both half-EPS states, 
preserving 8 supersymmetrics [43]. Of course, if Dl-brane and anti-Dl-brane coexist in type I 
or type IIB string theory, they totally break the supersymmetry. Similarly, D5-D1 {Q^Qt^ = S) 
corresponds to instantons while Db-anti-Dl (QqQ^ = — S) does to anti-instantons in type IIB 
string theory, but both instantons and anti-instantons are BPS states preserving 8 supersym- 
metries in Yang-Mills gauge theory [44] . And other supersymmetric intersecting D-branes with 
tjivz) = 4, 8 in Tables 1-2 are plane wave analogues of the D-branes generated by T-duality from 
the previous examples in fiat spacetime. 
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Table 1: Supersymmetry in D_ — D_ intersections. Separated and coincident D-branes are 
denoted by the bi-arrow and the dash, respectively. A rotated D-brane by SU (2) is indicated 
by the prime. 



22 









0+ 


n 

y 


Dp ^ Dq 


n 


1 


8 

(J 


n 




n 


n 


4 




4 


n 


, — 1 


4 


n 


8 

o 


/ 


O 


n 




n 


n 


(+,-,2, 2) ^(+,-,2, 2)' 


n 


1 

X 


4 




u 


_1 

X 


n 

u 




u 


A 




9 




u 


, — 1 


2 


n 


« 

O 


/ 


4 


n 


I 


n 


n 


— 2 21 •(-^ f+ — 2 2V' 


n 

W 


1 

X 


2 


n 




n 


n 

yj 


4 




1 


n 




1 





8 




2 





— ^ 








Dl ^ Dl 





1 


8 


8 


-1 










4 




4 


4 




4 


4 







1 


8 


8 


-1 








8 


7 


8 





-7 









Table 2: Supersymmetry in Z)+ — intersections. We used the bi-arrow to emphasize that the 
super symmetry is independent of tranverse locations. (+,—,2,2)' is rotated by SU{2) while 
(+, -, 2, 2)" is rotated by SU{2) x SU{2). A DS-brane with flux is indicated by the widetilde. 
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5 Supersymmetry Algebra of Intersecting D-branes 



In this section we will present the explicit mode expansions and their supersymmetry algebra of 
conserved supercharges q"^ only for parallel and orthogonally intersecting D-branes for simplic- 
ity. The generalization to intersecting D-branes at general angles should be straightforward. 

Let us explain how to easily calculate the mode expansion of dynamical supercharge q~ 
without a little tedious manipulation. In section 2 we determined the mode expansions of 
an open string stretched between Dp-hrane and Dq-hiane to satisfy the equations of motion 
and boundary conditions. And it was shown in section 4 that dynamical supercharges satisfy 
conservation law such as Eqs. (4.13), (4.20), and the spatial worldsheet current q~ vanishes at 
worldsheet boundaries. This immediately implies that the charge q~ in Eq. (4.5) is conserved, 
in other words, it should be r-independent. From the open string mode expansion, one can 
see that the time dependent factor is always of the form e-«('^f=+'^A)-r where is from, say, a 
bosonic mode and ujx is from a fermionic mode. If k + A 7^ 0, we have r-dependent terms and 
thus these terms are necessarily cancelled with another terms. 



5.1 D_ - D_ 

Prom the previous analysis, we have learned that D_ — D_ brane configurations are mostly 
close to the fiat spacetime case. The kinematical and the dynamical supercharges in this case 
are given by 



q+ = 2^2p+/±5'o, 

^q- = 27+ [pli^nlS, + lixl^nS, + c.aL,l'S, - ^aL^Q^^'US,) , (5.1) 

where the index / collectively denotes NN, ND, DN and DD indices; / = {r, i,i',r'} and the 
matrix in g+ is for A-type branes while J_ for B-type branes. Here the mode number k 
should be understood as nonzero integers for / = {r, r'} and half-integers for / = Then 
the supersymmetry algebra reads as 

= 2p+(7±)„,, (5.2) 
= ih^oiUP' - ^{hUY)aaJ^% (5.3) 

{gr, qr} = 2H{I^U + ^ ((/+7/^nQo),^ J/^ - (/+7/f HQo),^ J//^) , (5.4) 

where = Pq and J~^^ = —x'^p'^ are translational and boost generators along NN directions, 
respectively. The hamiltonian H is given by 



' 2 

n^O I={r,r'} 
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+ E( E laL,ai + 2u;,S^J^S,) (5.5) 

« I={i,i'} 

and Jj^ and J//^ are rotational generators in NN, ND, DN and DD directions in the first 
5*0(4) directions and the second 50(4)' directions, respectively, whose expressions in terms of 
modes are given by 

K 

E(^("-n«n - «-n«n) + ^-n7'^/+^n) (5-6) 

for J^^ = {r% r'"'} and 

E(^(«-K«f - + ^-«7'^/-^«) (5.7) 

for J"^^ = {J'-', J*'-''}. In Appendix A, we illustrate the superalgebra (5.4) for a specific example, 
D3 — D5, since some nontrivial identities have been used to derive it. 

5.2 D+ - D+ 

We concentrate only on the D1 — D5 branc intersection since parallel Dl-Dl and D5-D5 branes 
satisfy the same supersymmetry algebra as the single Dl- and Z^S-brane which had already been 
given in [23]. Therefore only DN and DD coordinates are involved in this brane configuration. 
The conserved kinematical supersymmetry is given by 



q+ = 2^7+5o (5.8) 

where 



And the dynamical supercharge takes the form 



sinh7r/.|a| ^.,,|,|^,n^^_ 



2p+g- = 2/+^ Y: {c.aL,yS,--^aL,Qol'llS,), (5.10) 

« I={i',r'} ^Ck^^k 

where we assumed that the Dl, D5- branes are placed at origin for simplicity. Here the mode 
number k should be understood as nonzero integers for I — r' and real numbers satisfying the 
second equation in Eq. (2.38) for I — i! . 
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The supersymmetry algebra in this case is of the form: 



{q7,qr}^2H{I^),i,, 



(5.11) 

(5.12) 
(5.13) 



where the hamiltonian is given by 



+ 2u;,S-J^S,). (5.14) 



6 Discussion 

In this paper we studied intersecting D-branes in the type IIB plane wave background using 
Green-Schwarz superstring action. It turned out that this method is quite elegant and suf- 
ficiently powerful since the spacetime supersymmetry of intersecting D-branes and stretched 
open strings between them are manifest without any GSO projection. However we should con- 
fess that this method also has a similar defect appearing in the boundary state formalism [40]. 
First of all, it is not obvious how to treat intersecting D-branes with jj^vD = 2, 6 which are the 
cases completely breaking supersymmetry. In addition. D3-D1 intersection with ^^vd = 4 is 
invisible since the light-like coordinate X~ always has to satisfy Neumann boundary condition 
in the light-cone gauge [10, 23]. Since we have used the light-cone gauge in the plane wave 
background, D3-D1 intersection is missed in the Tables 1-2 although it is not obvious whether 
they preserve the supersymmetry. 

In this work we have not considered oblique D-branes which was recently discussed in 
[7, 8]. It was argued [45] that the isometry in the plane wave background (1.1) is indeed 
5*0(4) X 50(4)' X Z2 where the Z2 symmetry interchanges simultaneously the two 50(4) 
directions 



The boundary condition of the oblique D-branes is invariant under the Z2 involution (6.1). 
Thus it should be interesting to know whether the oblique D-branes can be understood by 
appropriately utilizing the Z2 symmetry and to classify the complete list of the oblique D- 
branes and their intersections. 

The most interesting feature of intersecting D-branes is the appearance of chiral fermions on 
the intersection of D-branes [29] . Since we have used spacetime fermions to study intersecting 
D-branes, the appearance of the chiral fermions should be more directly seen compared to 
the NSR formulation which relies on vertex operator construction and GSO projection. An 
interesting question is whether the chiral fermions can also appear on intersecting D-branes in 
a plane wave background. We have seen that fermion zero modes on £)_-branes become massive 



Z2 : (a;^a;^a;^x^) ^ , , x^) . 



(6.1) 
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in the plane wave background and even for the cases with massless fermion zero modes, e.g., 
— intersections, D-brane intersection to reahze M = 1 chiral multiplet seems to be 
impossible, as illustrated in Table 2. Thus the chiral fermion seems to be highly implausible at 
least in the type IIB plane wave background. 

It was known [46, 47] that super symmetric intersections with jjArz) = 2, 6 can be allowed 
when a suitable B-field is turned on. In addition the BPS bound states of D-branes in the 
presence of Neveu-Schwarz B-field is T-dual to D-branes intersecting at angles [29] . It will be 
interesting to study how to generalize Green-Schwarz worldsheet formulation for intersecting 
D-branes to the case of the presence of the Neveu-Schwarz B-field. We hope to report our 
progress along this direction elsewhere. 
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Appendix 

A Supersymmetry Algebra of D_3 — D_5 Intersection 

To illustrate the superalgebra (5.4) explicitly, let us consider a D_3-brane oriented along X^'^ 
directions and intersecting with a £)_5-brane oriented along X^'^'^'^. In this case, we have 

HQo = -7'', = -t''"'- (A.l) 

We will use the indices — 3,4,5 for the DN coordinates and the indices r',s' = 6,7,8 
for the DD coordinates. The following Fierz identity is useful to compute the supersymmetry 
algebra (5.4): 

Q±aQ±h If cici , "'" ^/-^ C±^/-^ C± J ^^JJKLq±IJKLq± ( \ n\ 

^\ ^2 = g^ab-Si ^2 + Y^lab ^1 1 ^2 + ^ ^ab ^1 1 ^2, (^-2) 

where S^" = (/±5^)" and are the spinors with positive chirality. 

For the brane configuration in Eq. (A.l), the algebra of dynamical supersymmetry is given 

by 

{c, %} = -^{^g- ^ ^/2^Qi'} (A.3) 
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where 

^J^Qf = {pW^I + ,,xWn)i_s^ (A.4) 



It is straightforward to calculate the anticommuatator (A. 3) for the supercharge (A.4) using 
the rule 

= 52]FiF2 + 525i{Fi, F2} (A.5) 

for bosonic modes B^^B^ and fermionic modes F^^F^- The overall calculation is similar to 
the single D-brane case [23]. However, one should pay attention to the fact that the spinors 
= n, K.) are now used instead of S^,. 
Let us explain the useful relations used in the calculation of Eq. (A. 3): 



ri±i''i± = {V'l'' + V'"!''" + fW'' + r''i''''')i±. (A.6) 

{^miM^S^^-l^'S^ = ±i^''UQoh),,Stl''S^, (A.8) 

(f '■'nOo/+).s^^.f '■'^.^ = T^(/^'nOo/+).^^^.7^'^''5^, (A.9) 

where /^■^ is a fermion bilinear and f^^^^ is a product of gamma matrices. In Eqs. (A. 7) and 
(A.9), 7^{, = — was used according to Eq. (2.5). In addition, one needs to use the following 
zeta function regularization to get the algebra (5.4) correctly: 

Ei= E 1 = 0. (A.io) 

After carefully using these facts, one can finally get the supersymmetry algebra (5.4) with the 
rotation generators Jf e SO{2) and Jf/ e SO{?>). 
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